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Abstract Wehaveinvestigatedtheeffectsofpneumolysin andH2O2, putativevirulence factorsof Streptococcus pneu-
moniae, onthe ciliary beat frequency and structural integrityof human ciliated epithelium in vitro.Humanciliated epithe-
lium was obtained by brushing the inferior nasal turbinate of healthy human volunteers. Ciliary slowing (CS) was
measured using a photo-transistor technique and epithelial damage (ED) was documented using a visual scoring index.
Effects of recombinant pneumolysin (100 ng/ml), a mutant pneumolysin preparationwithmarkedly reduced haemolytic
activity (100 ng/ml) andreagentH2O2 (100 mM)weremeasuredalone andincombination, inthe absence andpresenceof
catalase (1000 units/ml).When used individually, both recombinant pneumolysin and H2O2 caused significant (Po0.05)
CS and ED.The effects of H2O2 but notthose of pneumolysinwere almost completely attenuated bycatalase, while the
mutantpneumolysinpreparation didnotcause significant CS or ED.Whenused in combination, the effects ofpneumoly-
sin and H2O2 on CS and EDwere additive as opposed to synergistic.These actions of pneumolysin and H2O2 may con-
tributetothepathogenesisofrespiratory tractinfectionscausedby thepneumococcus.r2002 Publishedby Elsevier Science Ltd
doi:10.1053/rmed.2002.1316, available online athttp://www.idealibrary.comon
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Community-acquired pneumonia continues to be asso-
ciatedwith considerablemorbidity andmortalityworld-
wide and Streptococcus pneumoniae (pneumococcus)
remains the commonest cause (1,2).This organism is also
a common isolate from the sputum of patients with ex-
acerbations of chronic obstructive pulmonary disease
(COPD) (1). The pneumococcus produces a number of
virulence factors that have been the subject of much re-
centresearch andwhich are thought to play amajor role
in the pathogenesis of lower respiratory tract infections
(3,4). Among thesevirulence factors arepneumolysin (5),
a polypeptide, pore-forming, cytolytic toxin, and hydro-
gen peroxide (H2O2) (6), a reactive oxidant, both of
which are known to be producedby all virulent pneumo-
cocci (3,4).Received12 September 2001, accepted in revised form5 February 2002.
Correspondence shouldbe addressed to: Prof.C.Feldman,Department
of Medicine,University of theWitwatersrand,Medical School, 7 York
Road, Parktown 2193, South Africa.Fax: +2711488 4675; E-mail:
014charl@chiron.wits.ac.zaBoth pneumolysin and H2O2 have previously been
shown by us to slow ciliary beating and to disrupt the
epithelial integrity of human respiratory epithelium in vi-
tro (7,8). In a recent study, the combined e¡ects of pneu-
molysin and H2O2 on ependymal cilia were investigated
in an experimental brain slice model in vitro.When used
individually or in combination these agents caused ciliary
stasis, the e¡ects of the combinationbeing slightlyhigher
than those of pneumolysin alone (9). However, to our
knowledge, the combined e¡ects of pneumolysin and
H2O2 on ciliary function of respiratory tract epithelium
have not been described.
The aim of the current study was to investigate the
e¡ects of pneumolysin and H2O2, alone and in combina-
tion, on ciliary function and structural integrityof human
ciliated epithelium in vitro.
MATERIALSANDMETHODS
Chemicals: Unless otherwise indicated, enzymes, chemi-
cals and reagents were obtained from Sigma Chemical
Company (St Louis, MO, U.S.A.), and were dissolved in
PNEUMOLYSIN,H2O2 ANDCILIATEDEPITHELIUM 581indicator free Hanks Balanced Salt Solution
(HBSSFHighveld Biological (Pty) Ltd, Johannesburg,
South Africa).
Pneumolysin: Recombinant pneumolysin was ex-
pressed in Escherichia coli andpuri¢ed from cell extracts,
as described previously (9). Protein homogeneity was
con¢rmed by sodium dodecyl sulphate ^polyacrylamide
gel electrophoresis. An attenuated form of the toxin,
with markedly reduced haemolytic activity, was gener-
ated by oligonucleotide-mediated site-directed muta-
genesis, as described previously (10). This mutant
contains a tryptophan to phenylalanine substitution at
position 433 in the protein.The stock concentrations of
the biologically active and mutant toxins contained 0.21
and 0.30mg/ml of protein, respectively, which corre-
sponded to 1.3106 and 1.4102 haemolytic units/ml.
These pneumolysin preparations were essentially free
of contaminating bacterial endotoxin (o2pg/ml) and
were diluted in the same endotoxin-free HBSS.
Human nasal epithelium: Strips of human nasal ciliated
epithelium were obtained by brushing the inferior nasal
turbinate of healthy human volunteers using a 2mm
bronchoscopy cytology brush, as described previously
(7,8,11). The study was approved unconditionally by the
Committee for Research onHuman Subjects of the Uni-
versity of theWitwatersrand, Johannesburg, South Afri-
ca. The strips of epithelium were collected into a
universal containing HBSS. Each experiment used strips
freshly obtained from a single donor.The specimen was
then divided into the appropriate number of 2mm ali-
quots using a Pasteur pipette and each aliquot was then
centrifugedat150 g for10min.Thereafter the superna-
tant of each aliquotwas aspirated and replacedby 800ml
of either HBSS alone (control preparation) or HBSS con-
tainingdi¡ering combinations of thevarious toxins or en-FIG. 1. Strip of nasal epithelium (haematoxylin and eosin  40).N
beatfrequency (CBF) aretaken, usingaphoto-transistor technique a
(a andb) which is assessed atthe same sites atwhich CBF ismeasurezymes (test preparation). A closed microscope
coverslip ^ slide preparation was then prepared for each
of the specimens, as described previously (12). The pre-
parations were then randomised and coded by an inde-
pendent observer. In this blinded fashion the
preparations were then inspected, initially after an incu-
bation of 10min at 371C and then hourly for 4h, using a
Leitz Orthoplan Phase Contrast Microscope (Leitz,
Germany) ¢tted with an electronically controlled
warmstage set to 371C (Sensicon, LHE Laboratories,
U.K.).
Figure1is a typical example of a ciliatedepithelial strip,
as seen by light microscopy, obtained by this sampling
technique. In each of our control and test preparations,
6^10 strips such as these were identi¢ed and one or
two areas on each stripmarked for examination. At each
of these sites ciliary beat frequency was measured initi-
ally and hourly for 4h using a photo-transistor techni-
que, as described previously (12). In brief, the strips of
epithelium were aligned so that the beating cilia inter-
rupted a beam of light, the modulation in light intensity
being sensedby a photo-transistor and the electrical sig-
nal generated being converted into a digital readout of
ciliary beat frequency (CBF). In this way, a total of 10
readings of CBF were obtained from each preparation,
from the same area, at each time point. The mean CBF
was measured as the mean value of the 10 readings at
each timepoint. Percent ciliary slowing (%CS)was calcu-
lated by subtracting the lowest mean test CBF (invari-
ably at the end of 4h) from themean control CBF at the
same timepoint, dividedby themeancontrol CBF 100.
In addition, at each of these sites at which CBF wasmea-
sured, the presence or absence of epithelial injury or da-
mage (ED) was recorded, using a visual scoring index,
described previously (13).ote the well-ciliated epithelium (a) fromwhich readings of ciliary
ndthenormalsmoothoutline andcontourofthe epithelial surface
d, usinga visual scoring index.
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(1) The e¡ects of pneumolysin and H2O2 alone and in
combination on human ciliated epithelium in vitro, in the ab-
sence and presence of catalase. In these systems, control
preparations contained HBSS alone and test prepara-
tions contained either pneumolysin (100ng/ml) or re-
agent H2O2 (100mM) or the combination of the two
toxins. Two experimental designs were used when the
combined e¡ects of the toxins were investigated. In the
¢rst of these, pneumolysin and H2O2 were added simul-
taneously to the epithelial strips. In the second, either
pneumolysin orH2O2was initially added to the epithelial
strips (incubated at 371C for 30min), followed by the
other toxin.
The concentrations of pneumolysin and H2O2 used
had been determined in preliminary dose^response ex-
periments which suggested these to be optimal concen-
trations for the experiments (su⁄cient ciliary slowing
and epithelial damage to be able to test for additive and/
or inhibitory e¡ects without there being complete dis-
ruption of the tissue). However, a single experiment
was performed in which low ¢nal concentrations of
pneumolysin (50ng/ml) and H2O2 (50mM) were used,
which alone did not cause signi¢cant CS or ED.
In the experiments with catalase, the epithelial strips
werepre-incubatedwith catalase at a ¢nal concentration
of1000units/ml at 371C for 30min prior to the addition
of pneumolysin and/or hydrogen peroxide alone or in
combination.
(2) The e¡ects of a modi¢ed pneumolysin with markedly
reduced haemolytic activity alone and in combination with
H2O2 on human ciliated epithelium in vitro. In this system,
the control preparation contained HBSS alone and the
test preparation contained the modi¢ed pneumolysin
(100ng/ml) and/or H2O2 (100mM).
(3)The e¡ects ofcamptothecin onciliated epithelium.The
e¡ects of camptothecin (4mg/ml, ¢nal), an inhibitor of
topoisomerase I (via irreversiblebinding ofDNA-topoiso-
merase I complex) and inducer of apoptosis (14,15) on
CBF and ED were also investigated.TABLE 1. The dose^response e¡ects of recombinant pneumol
liated epithelium in vitro, measuring ciliary beat frequency (CB
epithelial damage (% ED)
Concentration CBF (
Control F 1
Pneumolysin (ng/ml) 50 1
100
250
1000
Control F 1
Hydrogenperoxide (mM) 50 1
100
250Haemolytic assay: A haemolytic system was used to
control for possible oxidative interactions of H2O2 with
pneumolysin, leading to functional alterations of the
pore-forming actions of the toxin. Pneumolysin at a ¢nal
concentration of 33.4 ng/ml (equivalent to 200 haemoly-
tic units/ml) was coincubatedwithH2O2 (25^1000mM¢-
nal concentration) for 15min at 371C in HBSS. The
haemolytic activity of control and H2O2-treated toxin
was then assessed using human erythrocytes (0.5%).
Statistical analysis: All values are expressed as mean
and standard error of the mean (SEM). Comparisons of
control and test preparations were undertaken using
the Mann^Whitney (2-tail) U-test. A value of Po0.05
was considered to be signi¢cant.
RESULTS
The e¡ects ofpneumolysin and/or H2O2 alone orin combina-
tion on human ciliated epithelium in vitro, in the absence and
presence ofcatalase. Both pneumolysin and H2O2 caused
dose-dependent slowing of ciliarybeating and damage to
epithelial integrity of human ciliated epithelium, which
was signi¢cant at concentrations of pneumolysin
100ng/ml and at concentrations of H2O2100mM (Ta-
ble1).These datawere based on a single dose^response
experiment conductedwith each of the individual toxins,
con¢rming multiple dose^response experiments per-
formed in our previous studies of pneumolysin (7) and
H2O2 (8), respectively.
Table 2 shows the amount of ciliary slowing and
epithelial damage induced over 4h by pneumolysin
(100ng/ml) and H2O2 (100mM), alone and in combination
(data from six experiments).The combined e¡ects of the
two toxins were somewhat less than additive, with no
detectable synergism even in the experiment with the
lower concentration of the toxins (latter data not
shown).
Compared to systems in which both toxins were pre-
sent together from the outset there was no apparentysin (PL) and reagent hydrogen peroxide (H2O2) on human ci-
F; mean7SEM), per cent ciliary slowing (% CS) and per cent
mean7SEM) %CS %ED Signi¢cance
2.270.29 0 0 F
1.670.31 9 10 NS
9.870.77 20 40 o0.05
8.571.25 30 40 o0.005
7.471.45 39 50 o0.002
1.970.28 0 0 F
0.970.31 8 10 NS
9.071.22 24 30 o0.05
7.171.40 40 40 o0.005
TABLE 2. Themean7SEMciliarybeat frequency (CBF) andpercentciliary slowing (% CS) andpercentepithelialdamage (% ED)
in epithelial strips exposed to pneumolysin (PL) and/orhydrogenperoxide (H2O2), alone or in combination
Control strips (in HBSS alone) Epithelial strips exposed to toxin Signi¢cance (pvalue)
CBF (Hz) % ED CBF (Hz) % CS % ED
PL alone (100 ng/ml) 11.370.04 0 8.470.35 26 38 o0.005
H2O2 alone (100 mM) 11.370.04 0 8.570.41 25 38 o0.005
Both agents 11.370.04 0 6.470.26 43 67 o0.001
PNEUMOLYSIN,H2O2 ANDCILIATEDEPITHELIUM 583increment or decrement in ciliary dysfunction and ED in
the matched experiments in which either pneumolysin
or H2O2 was added initially followed 30min later by
the other toxin (mean control CBF 11.470.52Hz
(no ED), mean CBF of epithelial strips treated initially
with both pneumolysin (100ng/ml) and H2O2 (100mM)
6.574.8Hz (70% ED), mean CBF of epithelial
strips to which pneumolysin was added initially followed
30min later byH2O2 7.074.3Hz (60% ED), meanCBF of
epithelial strips to which H2O2 was added initially
followed 30min later by pneumolysin 6.974.2Hz
(60% ED)).
Catalase (1000units/ml) almostcompletely attenuated
the e¡ects of H2O2 on ciliated epithelium, but had little
e¡ecton the ciliary slowingordamage to epithelial integ-
rity of human ciliated epithelium inducedbypneumolysin
(mean control CBF 11.670.10Hz (no epithelial damage),
mean CBF of H2O2 (100mM)-treated epithelial strips
7.870.25Hz (50% ED), mean CBF of pneumolysin
(100ng/ml)-treated epithelial strips 7.870.40Hz (45%
ED),meanCBF of epithelial strips treatedwith both tox-
ins 6.570.05Hz (75% ED), mean CBF of H2O2-treated
epithelial strips, pre-incubated with catalase
11.370.15Hz (0% ED),meanCBF of pneumolysin-treated
epithelial strips, pre-incubated with catalase
8.370.10Hz (45%ED),meanCBF of epithelial strips trea-
ted with both toxins, but preincubated with catalase
8.470.10Hz (45% ED).
The e¡ects of a modi¢ed pneumolysin with markedly re-
duced haemolytic activity on human ciliated epithelium alone
and in combination with H2O2.The modi¢ed pneumolysin
preparation did not cause signi¢cant ciliary slowing or
damage to epithelial integrity nor did it modify the ef-
fects of H2O2 on human ciliated epithelium in vitro (mean
control CBF 11.070.67Hz (no ED), mean CBF of modi-
¢ed pneumolysin (100ng/ml)-treated epithelial strips
11.170.74Hz (no ED), mean CBF of H2O2 (100mM)-trea-
ted epithelial strips 9.072.9Hz (40% ED), andmean CBF
of epithelial strips treated with both toxins 9.472.5Hz
(30% ED)).
The e¡ects ofcamptothecin on human ciliated epithelium.
Camptothecin, an inducer of apoptosis, had no e¡ects
on ciliatedepitheliumuntil the fourthhour of the experi-
ment, at which time modest, statistically insigni¢cant
ciliary slowing and early epithelial injury were noted
(mean control CBF11.370.95Hz (no ED), andmean CBFof camptothecin (4mg/ml)-treated epithelial strips
10.870.92Hz (10% ED)).
Haemolytic assay. At concentrations of up to1000mM,
H2O2 did not interfere with the haemolytic activity of
pneumolysin. The mean percentage haemolysis caused
by control and H2O2(1000mM)-treated pneumolysin
were 89.1871.18 and 86.5071.69, respectively (data from
two experiments with six replicates for each system per
experiment).
DISCUSSION
In this study we have documented that both pneumoly-
sin and H2O2, individually and in combination, cause cili-
ary slowing and damage to the structural integrity of
human ciliated epithelium in vitro. The combined e¡ects
were additive and not synergistic. The e¡ects of H2O2
result from direct oxidative damage to the epithelium,
while the e¡ects of pneumolysin result from the cytoly-
tic, pore-forming activity of the toxin.
The e¡ects of pneumolysin on ciliated epithelium, in-
cludingboth ciliary slowing (CS) and epithelial disruption
(ED), were signi¢cant at concentrations 100ng/ml and
similar e¡ects of H2O2 were documented at concentra-
tions 100mM (Table 1). The greater amount of CS and
ED for a particular concentration of the pneumolysin
noted in the present investigation, compared with pre-
vious studies, almostcertainlyrelates to theuse of di¡er-
ent recombinant preparations, which vary in speci¢c
activity (7).The e¡ects ofH2O2were observedat similar
concentrations to those noted previously (8).
Using an in vitro brain slice model Hirst et al. have re-
cently reported that pneumolysin and H2O2 individually
caused stasis of ependymal cilia (9).However, when used
in combination the inhibitory e¡ect of pneumolysin pre-
dominatedwith little, if any, additional contribution from
H2O2 (9). Although the apparent di¡erences in the sensi-
tivity of ciliated epithelial and ependymal cells to the in-
teractive inhibitory e¡ects of pneumolysin and H2O2 on
CBF may well be real, they could re£ect di¡erences in
the potency/concentration of pneumolysin and H2O2
used in the current and previous studies (9).
In addition to inducing apoptosis in target cells (16,17),
pneumolysin andH2O2 also possess severalmore rapidly
occurring cytotoxic activities. Pneumolysin has been
584 RESPIRATORYMEDICINEshown to have distinct cytotoxic and complement-acti-
vating moieties, which are resident in separate domains
of the molecule (5,18). In our previous studies, we de-
monstrated that the e¡ects of pneumolysin on the ci-
liated epithelium were associated with the cytotoxic
region (7). This was con¢rmed in the present study in
which we demonstrated that the modi¢ed pneumolysin
withmarkedly reducedhaemolytic activity did not cause
ciliary slowing, nor damage the structural integrity of
the epithelium. Moreover, this modi¢ed toxin did not
modify the e¡ects of H2O2 on the ciliated epithelium in
any way. In the case of neutrophils, we have shown that
the actions of low concentrations of pneumolysin result
in in£uxof extracellular Ca2+ andNa+, leading to cellular
dysfunction in the setting of minimal cytotoxicity, while
at higher concentrations lysis of target cells occurs (19).
Cell permeant H2O2, on the other hand, causes deple-
tion of intracellular ATP by a mechanism involving initia-
tion ofDNA strandbreaks, activation of theDNArepair
enzymepoly-ADP-ribose polymerase and resultant con-
sumption of NAD (8,20,21).
To establish whether apoptosis was involved in pneu-
molysin/H2O2-mediated CS and ED, we investigated the
e¡ects of camptothecin, a potent inducer of apoptosis
(14,15) on the CBF and structural integrity of respiratory
epithelium.Unlike the inhibitory actions of pneumolysin
and H2O2 on CBF of respiratory epithelium, whichwere
evident within 1h of exposure of the epithelial strips to
the toxins, the e¡ects of camptothecin occurred very
late (after 4h) in the time-course of the experiment.
These observations suggest that early-occurring DNA
damage andmembrane dysfunction, as opposed to apop-
tosis, are likely to be the primary mechanisms by which
H2O2 andpneumolysin, respectively, cause damage to ci-
liated respiratory epithelium.
Since the e¡ects of pneumolysin and H2O2 on the ci-
liated epithelium are due to di¡erent mechanisms, we
wished to determine whether their combined e¡ects
would be additive/synergistic or possibly even antagonis-
tic. In the current study we con¢rmed that the com-
bined e¡ects were additive rather than synergistic
(Table 2).There also didnot appear to be any antagonism
of e¡ects on ciliated epithelium and this was con¢rmed
in the haemolytic assay in which concentrations up to
1000mMH2O2 did not interfere with the haemolytic ac-
tivity of pneumolysin.
Lastly, sincepneumolysin andH2O2maybereleased at
di¡erent times during pneumococcal growth and infec-
tion, which may in£uence their interactive e¡ects on ci-
liated epithelium, we studied the possible synergistic or
antagonistic e¡ects of the two agents added sequentially
to the epithelial strips.The e¡ects onCBF and ED of add-
ing either agent on its own to the epithelial strips, fol-
lowed 30min later by the other agent were not
signi¢cantly di¡erent to the e¡ects of addingboth agents
together initially.The exact roles and importance of pneumolysin and
H2O2 in the pathogenesis of pneumococcal infections in
vivo areunknown.Both toxins areknown to beproduced
in su⁄cient quantities in vivo during pneumococcal infec-
tions to have potentially signi¢cant biological e¡ects (7,
8). As demonstrated in thepresent study, the interactive
inhibitory e¡ects of pneumolysin and H2O2 on ciliated
epithelium, causing CS and ED may enhance initial colo-
nisation and subsequent invasion of the lower respira-
tory tract by the pneumococcus, contributing to the
pathogenesis of both pneumonia and acute exacerba-
tions of COPD.
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